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setting the stage for nervous system
evolution
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Prerequisite for tracing nervous system evolution is understanding of the body
plan, feeding behaviour and locomotion of the first animals in which neurons
evolved. Here, a comprehensive scenario is presented for the diversification of
cell types in early metazoans, which enhanced feeding efficiency and led to
the emergence of larger animals that were able to move. Starting from cup-
shaped, gastraea-like animals with outer and inner choanoflagellate-like
cells, two major innovations are discussed that set the stage for nervous
system evolution. First, the invention of a mucociliary sole entailed a switch
from intra- to extracellular digestion and increased the concentration of nutri-
ents flowing into the gastric cavity. In these animals, an initial nerve net may
have evolved via division of labour from mechanosensory-contractile cells
in the lateral body wall, enabling coordinated movement of the growing
body that involved both mucociliary creeping and changes of body shape.
Second, the inner surface of the animals folded into metameric series of gastric
pouches, which optimized nutrient resorption and allowed larger body sizes.
The concomitant acquisition of bilateral symmetry may have allowed more
directed locomotion and, with more demanding coordinative tasks, triggered
the evolution of specialized nervous subsystems. Animals of this organiz-
ational state would have resembled Ediacarian fossils such as Dickinsonia
andmay have been close to the cnidarian–bilaterian ancestor. In the bilaterian
lineage, the mucociliary sole was used mostly for creeping, or frequently lost.
One possible remnant is the enigmatic Reissner’s fibre in the ventral neural
tube of cephalochordates and vertebrates.1. Introduction
Reconstructing the evolution of the nervous system is one of the most exciting
challenges of current evolutionary research. Almost certainly, a nervous system
was present in the last common ancestor of cnidarians and bilaterians
(cnidarian-bilaterian ancestor, CBA); yet, since the early metazoan tree remains
unsolved (figure 1a), we cannot tell when a nervous system first emerged. Also,
it is possible that the body plan of sponges or placozoans was secondarily
simplified [1–3], which might have implied secondary loss of nervous system
components. One way to approach the early evolution of the nervous system
is to [4] track the emergence and diversification of its constituent cell types—
sensory receptors, neurons and effector cells. The sister cell-type concept [5]
posits that cell-type evolution can be resolved into a scheme of stepwise diver-
sifications, giving rise to sister cell types [5]; and a recent study comparing
cellular transcriptomes indicates that a hierarchical tree structure indeed dom-
inates cell-type interrelationships [6]. This review accordingly addresses cell-
type diversification in early metazoans and how it paved the way towards
the birth of the first neurons. In favour of this approach, the support for a
given branching order of cell-type trees is quantifiable and thus testable, mean-
ing that the hypotheses on cell-type interrelationships put forward here can be
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Figure 1. Cell-type diversification in metazoan evolution. (a) A simplified tree of metazoan evolution, with major inventions mapped. CBA, cnidarian–bilaterian
ancestor; LMCA, last metazoan common ancestor. (b) The interrelationship between species, cell type and molecular evolution. The scheme shows how the cell-type
tree is embedded in the species tree, and the inset shows how cell-type diversification is paralleled by subfunctionalization (yellow and dark blue lines), divergence
(bright blue line) and neofunctionalization (green line) of molecules and cellular modules. It contains examples for each possible mode of cellular diversification—
via functional segregation, divergence or co-option of differentiation modules. Functional segregation implies that molecular machines are differentially distributed
between emergent sister cell types. At gene level, functional segregation leads to the loss of entire differentiation modules from the specializing cells. This is distinct
from functional divergence, where functions (and modules) are retained and modified in different directions.
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3challenged by comparative whole-organism single-cell
profiling approaches [7] in the future.
Cell-type diversification involves the segregation and
divergence of existing cellular modules or functions [5]. One
prominent example is the division of labour that accompanied
the birth of the first neurons and muscle cells (see §2). The gen-
eral scheme in figure 1b illustrates how the evolution of cellular
modules may have underlain the evolution of cell types, which
in turn triggered species evolution—visualized here by encap-
sulated module, cell types and species trees. Following this
scheme, this review provides a first survey on how, in practice,
the interplay between molecular, cell type and species evol-
ution may have shaped early metazoans, that is, it tries to
track the cellular and molecular diversification events that
underlay the metazoan species tree depicted in figure 1a.
As much as it is clear that we are very far from certainty
about almost all of these events, it is also true that first insights
can be gained (and tested by comparative cell-type analysis,
see above). A plethora of available comparative structural
and ultrastructural data, recently complemented by molecular
studies on basal metazoans (and on the metazoan outgroup,
the choanoflagellates), allows a preliminary sketch of early
metazoan cell-type evolution (that is attempted here).
The starting point will be the first metazoan, which
most probably resembled a sphere of epithelialized choano-
flagellate-like cells, the ‘choanoblastaea’ [8]. The recent
characterization of differentiation modules in the unicellular
choanoflagellates has provided rich information on the mol-
ecular composition of these cells and their multifunctional
nature. The inward fold of one-half of the sphere then led
to the next important ancestor, the gastraea. We will
hypothesize that the simple, bilayered, cup-shaped anatomy
of this ancestor was reflected by a first diversification at the
cellular level, including: (i) the external ‘ectochoanocytes’,
mediating interactions with the environment; (ii) the
internal ‘endochoanocytes’ that specialized towards particle
capture and nutrient resorption; and (iii) the ‘kopeocytes’,
regulating water currents around the gastric opening. Sub-
sequently, the kopeocytes may have further diversified into
cell types specializing in ciliary movement and control,
mucus production and secretion of digestive enzymes, thus
enabling external digestion and forming a ‘mucociliary sole’
around the gastric opening; the endochoanocytes into cell
types specializing in internal nutrient distribution and resorp-
tion; and the ectochoanocytes into cell types specializing in
mechanosensation, information integration and body contrac-
tions in response to environmental stimuli. These latter cells
would have constituted the first nerve net, which possibly con-
trolled some form of amoeboid locomotion. Such equipped
animals may have been close to some simple Ediacaran fossils
that have been interpreted as grazing on algal mats with a
mucociliary sole for external digestion [3].
Building on this, we will hypothesize that two important
changes in the body plan enhanced efficiency of mucociliary
sole feeding: (i) the transition to bilateral symmetry, which
enableddirectedmovement, facilitated food searchandavoided
grazing the same area twice and (ii) the extensive folding of
the inner surface into metameric pouches, which optimized
nutrient distribution and resorption. We propose that, with
these changes, basal metazoans had reached the organizational
grade of the Ediacaran fossil Dickinsonia, which may have been
close to the last common ancestor of cnidarians and bilaterians
(that we collectively refer to as ‘Metameria’, figure 1a).With these animals, the stage was set for nervous system evol-
ution: further diversification of the cell types making up the
nerve net and the mucociliary sole gave rise to the plethora of
receptor cells, neuron types and muscular and ciliary effector
cells present in today’s cnidarians and bilaterians.
Another comprehensive view of early metazoan body plan
and nervous system evolution has recently been put forward
[8]. While initial steps of metazoan evolution (such as the
blastaea, see below) are in line with the scenario presented
here, the CBA is subsequently derived from modified sponge
larva—while the scenario presented here favours an uninter-
rupted sequence of benthic adults, starting with the gastraea
(which each developed via swimming larval stages).2. The choanoblastaea, a sphere of
choanoflagellate-like cells
Stem metazoans were likely composed of one main character-
istic cell type, resembling, structurally and functionally, the
choanoflagellates [8–10; see however 11]. Figure 2 sketches a
possible trajectory from choanoflagellate-like pre-metazoans to
the last metazoan common ancestor, involving a transition
from multiple solitary and colonial forms [12,13] to a fixed
life-cycle. These ancestors represented an epithelium [14] that
took the shape of a sphere, called choanoblastaea [8], which
later gave rise to the cup-shaped gastraea (figure 2; see also
§3). They were swimming or lived partially benthic in shallow
waters, filtering and concentrating dissolved organic carbon
and bacteria as microphageous suspension feeders [3,15]. Build-
ing on the resemblances between choanoflagellates and sponge
choanocytes, classical authors agreed that the first metazoan
cells had an apical collar with an undulating flagellum [16,17]
(figure 2b). However, a modern blastaea concept can be much
more detailed on the ultrastructure of these cells, as inferred
from electron microscopy and from the impressive list of
metazoan proteins shared with the choanoflagellates [18]—
which were necessarily present in the earliest metazoans.
(a) The first metazoan cells: choanoflagellate-like
and multifunctional
One important detail in the context of this review is the fine
glycocalyx mesh of the microvillar collar that served as a
mucoid filter [12], as well as another mesh of mucus that
joined the collars of neighbouring cells [19,20]. This means
that, from the very beginning, metazoan feeding was muco-
ciliary—using both motile cilia and mucus for food capture.
However, digestion was intracellular at first and took place
in the same multifunctional cells that also trapped the
food—just as in unicellular eukaryotes. (These two steps of
feeding were spatially segregated only in more advanced
metazoans, by division of labour, as will be outlined
below.) Food particles were taken up by phagocytosis or pino-
cytosis, followed by intracellular lysosomal degradation [21].
Most probably, nutrients were shared with cells inside the
choanoblastaea via the primary body cavity [8].
Other functions related to the reception and integration of,
and reaction to, environmental stimuli [15]. (These were later
inherited by the first neurons, as will be outlined below.) The
flagellar ciliawere bothmotile and sensory (as reported for uni-
cellular eukaryotes and human airway cilia), and thus
contained a very short and direct sensory-effector arc [22].
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Figure 2. The origin of metazoans, involving a change from facultative transitions between forms (orange arrows) to fixed life-cycle transitions in development
(blue arrows), and a move from temporal differentiation of cell types to spatial differentiation. Block arrows indicate direction of evolutionary change. (a) Pre-
metazoan state with transitions between chain colonies (cc), amoeboid cells (ac), slow swimmers (ss), fast swimmers (fs) and rosette colonies (rc). 2n and n
indicate life cycle transition between diploid and haploid state. (b) Stem metazoan. Variant (a): The zygote develops into a swimming choanoblastaea (cb). Variant
(b): The zygote develops into a benthic, epithelial, biofilm-like organism (be). Transitions between the two forms might have occurred by epithelial curvature
(stippled arrows) and closure. (c) Last metazoan common ancestor (LMCA). The zygote (2n) develops via cleavage into a blastula (bl; variant a), or, into a
sheet-like embryo (se; variant b), which inverts into an amphiblastula larva (as seen in calcareous sponges; stippled arrows). The amphiblastula gastrulates
into the adult gastraea (ga), which produces gametes and closes the life cycle.
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4Chemosensation involved guanylyl cyclases signalling via
cGMP [23]. Five subfamilies of transient receptor potential
(TRP) channels were present [24], among which TRPV
(vanilloid TRP) channels likely played an ancient role in
mechanosensation, as they mediate mechanosensation in Para-
mecium and Chlamydomonas [25], human airway epithelia [26]
and Caenorhabditis elegans sensory cells [27]. In Chlamydomonas,
these channels localize to the proximal region of the cilia,
where active bending is restricted (and self-activation avoided)
[25]. Proteins required for action potential generation and
propagation were likewise present in early metazoans, such
as voltage-gated sodium [28,29], potassium and calcium
channels [30]. Mechanical and chemical stimuli triggered
depolarization of the ciliary membrane and calcium influx
into the cilium that had a direct effect on ciliary beating such
as reversal or inhibition, as reported for unicellular eukaryotes,
cnidarians, ctenophores and bilaterians [31]. Adding to this,
choanoflagellates andmetazoans share synaptic adhesion/sig-
nalling molecules, a primordial neurosecretory apparatus
active on the apical cell surface (but no presynaptic active
zone proteins) [32], postsynaptic density proteins such as
Homer or Shank [33,34] and a variety of receptors including
the metabotropic glutamate receptor [35] (but not ionotropic
glutamate receptors, which only appeared in the metazoan
stem). Many of these molecules and associated functions
were key to the evolution of the first neural cell types, as will
be detailed below.
On the effector side, early metazoan cells already pos-
sessed a complex machinery for cellular contractions and
shape changes based on a dynamic actomyosin cytoskeleton.
Actin-based movement involved a slow and a fast version of
myosin II that responded in a different manner and with
different velocities to Ca2þ signalling [36]. The slow non-
muscle myosin probably played a role in various cellular
processes involving contraction, such as integrin-mediated
basal adhesion, cell–cell adhesion dynamics via adherensjunctions or apical constriction [37]—processes that were
key for the evolution of metazoan epithelia. The slow
myosin is also involved in amoeboid movement [38], which
probably belonged to the behavioural repertoire of early
metazoan cells. In addition, we can infer that early metazoan
cells formed lamellipodia and filopodia, using proteins that
reorganize cortical actin filaments such as the Arp2/3 com-
plex, the actin cross-linking protein fascin, and myosin X, a
myosin with pleckstrin homology domains that associates
with regions of dynamic actin [39,40]. Filopodia are highly
dynamic structures that probably played a role in anchoring
and stabilizing cells in the blastaea (figure 2a,b).3. The microphageous gastraea
It is a long-standing notion that the second step in the evolution
of the metazoan body was the transformation of the spherical
blastaea into the gastraea [8,9], which may have been close to
the last metazoan common ancestor (figure 1b). The term ‘gas-
traea’ means ‘animal with a primitive gut’ and was coined by
Ernst Haeckel [9]. Its most characteristic feature is the infolding
of the lower body surface, resulting in an outer ectoderm,
an inner gastroderm and a gastric opening (figure 3a). From
Haeckel’s times until today, strong support for the gastraea
hypothesis comes from the prevalence of gastrula-like stages
during animal development that are interpreted as recapitula-
tion of the gastraea-like ancestral body plan. Even in sponges,
a transitory cup-like stage forms during metamorphosis, as
recently confirmed [41]; and in cnidarians and ctenophores,
the overall body form resembles that of a gastrula during the
entire life cycle—at larval, polyp and medusa stages. The
ancient gastraea is originally assumed as creeping on the sea
floor, with the gastric opening facing downwards (while other
authors consider the gastraea a predominantly planktonic
organism [8]): plausibly, this would have closed off the gastric
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Figure 3. The gastraea, the last common ancestor of living phyla. (a) The gastraea. This cup-shaped animal resulted from simple infolding of the initial
blastaea and first cell-type diversification. Colours relate to similar cell types in (b) and (c). (b) Infolding of the amphiblastula larva of calcareous sponges
into a cup-shaped transitory stage that resembles a gastrula. The inner cells express endomesodermal markers, after [41,42] and various sources. (c) The
initial diversification of metazoan cell types into sensory-contractile cell types and cell types related to feeding. The colour scheme matches the cells of the gastraea
in (a). A multifunctional choanocyte-like cell type gives rise to ectochoanocytes, endochoanocytes and kopeocytes (black arrows). These ancestral cells had an apical,
undulating cilium or flagellum, propelling water away from the cell, surrounded by a circle of long, contractile, actin-containing microvilli. A well-developed Golgi
complex produces lysosomes for intracellular digestion, and a prominent endocytotic machinery mediates phagocytosis (Pc). Mm, mucoid mesh; Fp, filopodia.
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6cavity from the environment and thus allowed higher nutrient
concentrations. In line with this, some sponge larvae settle
with the blastopore facing downwards [41]. Sponges might be
regarded as representatives of a gastraea-type organization
(which then would have undergone surface extension indepen-
dent of othermetazoan lineages; however, it cannot be excluded
that, alternatively, sponges lost ancient features [1,2]).
Modern support for the classical gastraea hypothesis
comes from molecular data. A larger set of genes specifying
endomesoderm has recently been found expressed in the
ciliatedmicromeres of the amphiblastula larva of the calcareous
sponge Sycon ciliatum, which later invaginate and trans-
differentiate into the choanocytes of the adult sponge [42]
(figure 3b). This supports homology of sponge inner layer
with the endomesoderm (i.e. the gastroderm) of other animals.
Additional support comes from the conserved expression of
conserved transcription factors such as brachyury, and signal-
ling molecules such as hedgehog, in the blastoporal tissue of
various metazoans [43,44].
Given the structural and functional resemblance between
sponge choanocytes and choanoflagellates, it seems obvious
that the gastraea, just like the blastaea, used choanocyte-
like cells to feed on dissolved organic carbon or microbes
suspended in the inflowing seawater (microphagy [3]). How-
ever, it is also plausible that these cells had already started
to diversify, with inner cells specializing more on feeding
functions and outer cells on functions important for the inter-
action with the environment—such as protection, different
sensory modalities and primitive body movements. For these
outer versus innercell types,wepropose thenames ‘ectochoano-
cytes’ and ‘endochoanocytes’, reflecting their choanocyte-like
appearance and their developmental origin fromecto-andendo-
derm, respectively (figure 3c).Another foundercell type thatwill
be key to the scenario developed here is hypothesized to have
existed at the interface between ecto- and endochoanocytes,
around the gastric opening (the ‘kopeocytes’; see §3c below).
These cells specialized in thegeneration andcontrol ofwater cur-
rents (and later gave rise to the cell types constituting the
mucociliary sole; see §4).
(a) Endochoanocytes: cell types specialized in feeding
Besides the functions related to feeding, such as flagellar
pumping, microvillar-mucoid filtering and pino- and phago-
cytosis [12,45], the endochoanocytes likely also retained some
gustatory chemosensory functions, as recently proposed [46],
together with the capacity for cellular contraction—mostly
via the ‘slow’myosin II, whichwas likely present in the ancient
gastroderm as it is broadly expressed in sponge choanocytes
and in the cnidarian gastroderm [36].
(b) Ectochoanocytes: sensory-contractile cell types
Ectodermal mechanosensory cells with obvious resemblance to
sponge choanocytes have frequently fuelled cell-type compari-
sons across metazoans [47–49]. For example, the structural
resemblance of the hair cells of the ear has long been noted
[8,46,50,51]. Just like choanocytes, these cells bear a central
cilium, called ‘kinocilium’, surrounded by or adjacent to inter-
connected microvilli, called ‘stereocilia’ (figure 3c). Besides the
vertebrate acustico-lateralis system, similar mechanoreceptors
are found in annelids [52] or acoels [53], and in great diversity in
cnidarians: in cerianthids, sea anemones, corals andmedusozo-
ans [49,54–56]. Remarkably, the mechano-‘sensory’ cilium ofthese cells appears to derive from a motile cilium and some-
times retains residual motility (e.g. in the insect chordotonal
neurons [57] or in hair cells [58]); the axoneme of the kinocilium
accordingly possesses a central doublet of microtubules as
otherwise characteristic for motile cilia. Interestingly, mechano-
sensory cells such as vertebrate hair cells and insect chordotonal
cells express TRPV receptors [57], which might be inherited
from early metazoans (see §2a). In line with an ancient role of
these receptors in mechanotransduction, a mammalian TRPV
receptor rescues the mechanosensory (and osmosensory) prop-
erties of a TRPV channel in nematode worms [59]. Notably,
these cells have not (yet) been described for sponges—as they
occur in the ectoderm of virtually all other phyla, however,
they were very likely present in the ancient gastraea, too.
Contractile ectodermal fibres are found in sponges [60],
cnidarians [61,62], ctenophores [63] and in many bilaterians,
making it likely that they were also present in the ectoderm of
the gastraea (figure 3c). Sponge contractile movements are
largely mediated by the slow ‘non-muscle’ myosin, which
is expressed in most cell types in Tethya wilhelma including
the contractile pinacocytes [36,60]. Ectodermal contraction
appears to have always involved intercellular communication
by glutamate and GABA: in sponges, contraction waves
involve paracrine intercellular signalling, with glutamate
triggering and GABA inhibiting contraction [64,65]. Inter-
cellular propagation of the wave is slow and involves the
metabotropic glutamate receptor [15].
As will be explained in more detail below, the segregation
of sensory-integrative mechanosensory cells versus contractile
epidermal cells (figure 3c) may have represented the first step
towards the evolution of the later nerve net. This is in line
with the classical idea that mechanosensory-contractile cells
gave rise to the first neural circuit by division of labour [5],
as proposed by Kleinenberg [66] or Mackie [67]; and with
more recent suggestions that the sponge contraction waves
can be regarded ‘forerunners’ of nervous activities [15,60].(c) Kopeocytes: cell types producing and sensing
directional water flow
A key characteristic of the gastraea would have been a flow
of water into the gastric opening, to ensure fresh supply of
suspended particles and to maximize feeding. In contrast
with the movement away from the epithelial surface generated
by a standard flagellum, this new flow was needed in parallel
to the epithelial plane. Therefore, and inevitably, themotor cilia
generating this current and the cells bearing these cilia must
have shown planar polarity [68] and an oar-like motion (effec-
tive stroke) [69], similar to the motile cilia of swimming larvae.
(Note that flagella and effective stroke cilia differ structurally
[70].) It appears plausible that such cells, shoveling water and
suspended particles into the gastric cavity with effective
stroke cilia, were first situated around the gastropore, red and
brown in figure 3c. We propose to refer to these cells collec-
tively as kopeocytes (from greek ‘kopeon’, the oar). Besides the
effective stroke cilium, the kopeocytes presumably retained
the apical secretory apparatus and basal contractility. By div-
ision of labour, such cells may have generated a number of
important sister cell-type descendants, such as effective
stroke ciliomotor cells, primary cilia sensory cells, specialized
contractile cells and the various cell types of the mucociliary
sole, as will be further outlined below.
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7In sponges, pigmented ring cells and apopylar cells
may represent direct kopeocyte descendants. The apopylar
cells, regulating water outflow from the choanocyte chambers
[20], are contractile and express the fast type of ‘myosin II’ [36];
and ‘fast’ myosin II is also expressed around the pigmented
ring in Amphimedon larvae [36], which also bears effective
stroke cilia [71]. In other animals, the occurrence of effective
stroke cilia often relates to the production of water currents
through openings that may ultimately relate back to the gastro-
pore, suggesting that the respective cells are kopeocyte
descendants. However, it is not yet clear whether effective
stroke ciliated cells represent a uniform cell type or, alterna-
tively, evolved independently one or even many times. Two
conserved transcription factor families have been identified
that control the motile ciliogenic program in all metazoans:
the forkhead-related FoxJ [72] and Rfx, a winged helix factor
[73–75]. However, the FoxJ/Rfx network appears to specify
effective stroke and flagellar motile cilia alike [76] and thus
cannot solve this question.
Sensory cells with primary cilia, such as the mammalian
kidney epithelia, are likewise widespread in animals and
have recently been found in sponges—inside of the outflow
opening, the osculum, which senses chemical signals and
water turbulences and initiates contractile responses
[15,60,65,77] (see below). This indicates that they may be
part of the cellular repertoire situated around the gastric open-
ing and may have arisen from kopeocytes by sensory-motor
division of labour (figure 3c). Lacking the central pair of micro-
tubules and the spoke apparatus (as well as the actin collar),
primary cilia are non-motile. They sense flow (vibration) via
TRP channels [78], responding to a deflection of the cilium
owing to water current with a calcium signal. In vertebrates,
the two TRPP duplicates PC1 and PC2 comprise a rheosensory
complex that translates deflection of the primary cilium into
signals [78]. Sponge primary cilia also appear to employ a
TRPP (PC2) channel, as indicated by sensitivity to three
pharmacological inhibitors blocking this channel in vertebrates
[77]. Interestingly, primary cilia also respond to chemicals, and
given that both rheosensation and effective chemosensation are
necessarily linked to planar flow of water (and/or mucus, see
below), it is plausible that primary cilia may relate back to the
proposed diversification of kopeocytes (figure 3c). However,
because the major characteristic of primary cilia is loss—of
the actin collar and of the central microtubule doublet and
the spokes—it is also possible that they evolved several times
independently (e.g. in sponges versus other animals). To find
out, it will be interesting to determine whether a common cel-
lular module exists that is not found elsewhere and positively
defines all primary cilia, or subsets of them, across animals.
(d) Diversification of mechano- and chemosensors: the
ATH and ASC bHLH superfamilies
While the distinct presence of mechanosensors (with actin
collar and kinocilium) and of presumed rheo- or chemosen-
sors has been postulated based on the frequent parallel
occurrence of both sensory types in basically all metazoans,
this notion finds support from the molecular evolution of
the class A superfamily of bHLH of transcription factors.
While this class is exclusive to metazoans [79], it already com-
prised three members—an achaete-scute (ASC), an atonal
(ATH) and an E12/E47 superfamily member [80]—before
the sponges branched off the metazoan lineage. Two ofthese—the achaete-scute and atonal families—are strongly
associated with the specification of distinct sets of sensory
cells across metazoans [57].
The atonal family genes specifymechano- andphotoreceptor
cells in a broad range of animals [57,81], such as the hair
cells [82], Merkel cells [83,84] and ganglion cells in vertebra-
tes, the chordotonal stretch and auditory receptor cells [57]
and ommatidial photoreceptor cells [85] in insects and, as
extrapolated from gene expression, the mechanosensory and
photoreceptive cells in jellyfish [86]. (Note that the atonal-
dependent rhabdomeric photoreceptor cells couple opsin-based
phototransduction to mechanosensitive TRP channels [87].) An
ancestral role of atonal in sensory cell specification is supported
by mutual rescue of atonal function between Drosophila and
mouse [88,89]. Atonal family members have been reported to
directly control a gene regulatory network implementing
mechanoreceptor morphology. In the Drosophila chordoto-
nal mechanoreceptors, atonal activates Rfx and Fd3F (a Foxj
orthologue [90]) that synergize to implement cellular modules
characteristic for themechanosensory cilium. This includesmod-
ules required for motility and the TRPV channels [91]. We can
thus infer that atonal genes probably played an early role in ecto-
choanocyte specification. In linewith this, the atonal superfamily
member bHLH1 appears to be involved in the specification of
flask-shaped sensory cells in the demosponge Amphimedon.
By contrast, the achaete-scute-like bHLH factors have been
frequently implicated in the specificationof chemosensoryneur-
ons. In theDrosophila chemosensory system,ASC is required for
the specification of gustatory receptor cells in larvae [92] and in
adults [93]. In vertebrates, ascl proteins are required for the spe-
cification of Merkel-like, 5HTþ taste bud cells [94] and for the
5HTþ sour taste type III taste bud receptors in mice [95,96].
Also, mouse Mash1 has been implicated in the control of cat-
echolaminergic, chromaffin cell differentiation [97]. During
early postnatal life in mouse and rodents, these cells possess
‘direct’ hypoxia- and CO2/Hþ-chemosensing mechanisms,
and acute hypoxia causes depletion of adrenal catecholamines
via a ‘non-neurogenic’ mechanism [98]. Remarkably, sensory
ectodermal cells specifically express an achaete-scute homolog
(ASH) gene in Hydra [99] and, most probably, Nematostella
[100], consistentwith the notion that achaete-scute familymem-
bers playan ancient role in the specification of at least somekind
of sensory neurons [101]. These findings indicate that the
distinct genetic control ofmajor sensorymodalities was already
in place in the last common metazoan ancestor (and thus
predated the evolution of the nervous system).
Interestingly, the E2A proteins (E12/E47) have been shown
to specifically bind the E-box-containing region of the smooth
muscle actin promoter, regulating a smooth muscle cell differ-
entiation marker in vivo [102]. Just like sponges, Trichoplax has
an E12/E47 orthologue, indicating that the conserved function
of this ancient class A bHLH protein was in the specification of
cells with smooth muscle fibres (see above).4. The benthic gastraea: external digestion with
a mucociliary sole
Various lines of evidence indicate that a new feeding
mode evolved in the Precambrian ocean, referred to as
mucoid-ciliary particle feeding [3] (figure 4a,b). This mode
replaced the microphagy of individual cells. Food was predi-
gested externally in a layer of mucus and the predigested
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Figure 4. Evolution of the mucociliary sole. (a) Body fossil of Dickinsonia costata associated with a series of feeding traces, reproduced with permission from [3].
Numbers delineate the order of their formation in relation to the body fossil at the end of the series of traces (trace #3 made last). Scale bar, 2 cm. (b) Cell types of
the placozoan Trochoplax, reproduced with permission from [103]. The thick ventral body surface is composed of ventral epithelial cells (vci), each bearing a cilium
and multiple microvilli; lipophil cells (lc); and gland cells (gc), distinguished by their contents of secretory granules and prevalence near the margin. Dorsal epithelial
cells (dec) constitute the dorsal surface. In between the dorsal epithelium and ventral plate are fibre cells ( fc) with branching processes that contact each of the
other cell types. cc, crystal cell; dci, dorsal ciliated cell; gc, gland cell. (c) A hypothetical gastraea-like ancestor with mucociliary sole. In these animals, mucocytes,
zymocytes and serotonergic cells (brown) and motile ciliary cells (red) are located around the gastric opening. Contractile cells with ring-shaped fibres, excretory cells
and enterocytes (all green) populate the gastric cavity. Mechanosensory cells (yellow) and contractile epithelial cells (orange) are hypothesised for a primordial nerve
net. Blue arrows indicate direction of water flow across the mucociliary sole and into the gastric cavity. (d ) Hypothetical diversification scheme for mucociliary cell
types. (e) Hypothetical diversification scheme for endochoanocytes. ( f ) Hypothetical diversification scheme for ectochoanocytes into nerve net cells.
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9nutrients transported into the body cavity with water currents.
While the ancient choanocytes probably already used an inter-
cellular mucoid mesh for particle trapping (see above), this
mesh now covered the entire epithelium around the gastric
opening, facing the substrate. Digestive enzymeswere secreted
into this mucus layer for external digestion. The coordinated
and directional beating of effective stroke cilia distributed
and transported the mucus over the digestive epithelium and
washed the nutrients into the gastric cavity. Such hypotheti-
cal animal, which may have been close to the Eumetazoan
ancestor, is depicted in figure 4c.
(a) Grazing algal mats with mucus and digestive gland
cells
A rich body of fossil and comparative evidence indicates that
mucoid-ciliary particle feeding evolved in early metazoans.
Feeding traces indicate that one of the most characteristic fos-
sils of the Ediacaran fauna, Dickinsonia, was grazing on the
sea floor, which was covered by ubiquitous microbial mats
[3] (figure 4a). It is assumed that their entire ventral body sur-
face was a digestive ‘sole’ covered with mucus and cilia [3].
We refer to this new tissue as ‘mucociliary sole’. A digestive
ventral sole, used for external digestion and movements, also
exists in today’s placozoans [104] (figure 4b). Placozoans move
by ciliary gliding with the thick mucociliary sole facing the
sea floor, and by concomitant contraction of the syncytial
fibre cells (figure 4b). Capturing of microparticles with the
help of cilia and mucus persists in some cnidarians; and
mucoid-ciliary food transport is also found in macrophageous
cnidarians and ctenophores. For example, in the sea anemone
Calliactis parasitica non-neuronal control of ciliary beating invol-
ves a direct chemosensory response of pharyngeal epithelial
cells [105]. Ctenophores possess an elongated, ciliated pharynx
with numerous gland cells secreting digestive enzymes [106].
As in cnidarians, the control of ciliary beating for food trans-
port is non-neuronal. Nutrients are transported into a
complex system of gastrovascular canals for nutrient distri-
bution. Residual water is expelled to the outside via anal
pores. Excitingly, the pharynx can be everted and used as a
mucociliary sole in benthic ctenophores [62]. Finally, mucocili-
ary epithelia are frequently found in foregut and neural midline
tissue in bilaterians (that can be derived from tissue surround-
ing the gastric opening, see below). This includes the dorsal
ciliary folds in the annelid foregut [107], the buccal field in
the rotifer Dicranophorus [108], the endostyle/thyroid in the
chordate foregut, the neurotrochoid along the neural midline
in various invertebrates [109,110] and the enigmantic Reissner’s
fibre in chordates (see below).
(b) Cell types of the mucociliary sole
The invention of the mucociliary sole was likely paralleled by
cell-type diversification (figure 4d), specializing in the pro-
duction of mucus, the secretion of digestive enzymes, the
transport of mucus and the uptake of dissolved nutrients [45].
Mucus is largely made up of large glycoproteins called mucins
[111]. Gel-forming mucins, Otogelin and von Willebrand factor
are evolutionary related [111], and proteins with properties of
thegel-formingmucinswere identified also in the starlet sea ane-
moneNematostella vectensis [111]. Furthermore, mucus-secreting
cells (‘mucocytes’, or ‘goblet cells’) are common to most animal
taxa. The secretory vesicles of mucocytes are of low electrondensity, in contrast to those of the zymogenic gland cells (‘zymo-
cytes’, figure 4d), which secrete digestive enzymes. The latter are
found in the bilaterian foregut, in the ctenophore and cnidarian
pharynx (with associated filaments) and around the digestive
ventral sole of the placozoans (figure 4b) [45]. The zymocytes
have apical microvilli and/or cilia in some groups [45], reminis-
cent of their choanocyte origin. Within the mucociliary sole, the
motile ciliary cells specialize inmoving the secretedmucus along
the epithelial surface.
(c) A link between the mucociliary cell types and Fox
family evolution
At the molecular level, the evolutionary divergence of muco-
ciliary cell types in metazoans appears to be closely linked to
the diversification of the Fox gene family. Most prominently,
foxj has been identified as an ancient key regulator of motile
cilia biogenesis [72,112,113], conserved in cnidarians [72] and
even sponges [114]. Foxj is active wherever motile cilia are
present; for example, in Xenopus, foxj genes are expressed in
otic vesicle, pronephros, gill structures, notochord, floorplate
and ventral neural tube [115]. Another member of the Fox
family, foxi, specifies the osmoregulatory ionocytes, another
characteristic cell type of vertebrate mucociliary epithelia
[116]; moreover, foxA has been found to specify small 5HT-
secreting cells in the mucociliary epithelium that regulate
ciliary beating [117,118]. Additional members of the Fox
family have been implicated in the specification of mucociliary
cell types: the thyroid-related transcription factors TTF-2/foxE4,
foxq1 and foxA are jointly expressed in the amphioxus and asci-
dian endostyle, a presumed homolog of the thyroidea that
harbours mucus-secreting and motile ciliated cells; and this
function of the Fox genes is considered ancestral for the chor-
dates [119]. Interestingly, the metazoan foxA, B, C, D and E
subfamilies are evolutionarily related [120–122] and resulted
from duplications of an ancient precursor gene; inNematostella,
foxB [122] and foxA [123] are expressed in the ectodermal
ciliated pharynx and foxC [122] in pharyngeal endoderm; in
Hydra, foxA/budhead [124] is likewise expressed in the endoderm
around the oral opening, suggesting that the mucociliary epi-
thelium around the gastric opening represents the ancient site
of activity of the foxA, B, C, D, E superfamily.
(d) Diversification of endochoanocytes: enterocytes and
excretory cells
With the invention of the mucociliary sole around the gastric
opening, the endochoanocytes were no longer needed for
mucoid particle trapping. In consequence, they diversified into
more specialized cell types—enterocytes, excretory cells and
contractile cells (figure 4e). Enterocytes are optimized towards
the uptake of nutrients; either directly from the mucus or from
the nutrient-enriched water of the gastric cavity. Morphologi-
cally, they still resemble the endochoanocytes in that they often
bear motile cilia in combination with a collar of microvilli, at
least inmost invertebrates [45].Microvilli increase themembrane
surface facing the gut lumen and thus facilitate nutrient
uptake. Finally, excretory cells are specialized in removing the
nutrient-deprived, nitrogen-enriched water from the body
cavity. While in sponges the choanocytes engender fluid
motion and water removal, specialized cells exert this function
in many other animals, such as the protonephridial flame cells.
A choanocyte-origin has been previously postulated for
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Figure 5. Evolution of the nerve net. (a) Evolution of a sensory-contractile network of neurons and muscle cells by division of labour [5,6,125], following an initial
scenario proposed by Mackie [126]. Starting point is a network of multifunctional, sensory-contractile cells in the gastraea ectoderm. Contractile fibres are oriented
along the apical-blastoporal body axis. Individual sensory-motor neurons innervate many muscle cells. (b) Cell types of the cnidarian nerve net, modified from [127].
(c) The neuromuscular orthogon. Muscle cells have congregated into muscle strands. The evolution of true sensory, inter- and motorneurons enables the differential
and antagonistic contraction of entire muscle strands as a response to remote stimuli. (d) Ganglion cells in the ectodermal nerve net in Cerianthus, after [128].
(e) Mechanosensory ciliary-cone receptors in the ectodermal nerve net in Cerianthus, after [56]. ( f ) Bipolar cells in the ectodermal nerve net in Cerianthus, after
[128]. (g) Connections and signaling directions (arrows) in the nerve net of Cerianthus, after [128].
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10enterocytes [45] and for flamecells [46], basedonmorphological,
functional and molecular resemblance.5. The benthic gastraea: evolution of the nerve
net
Having reasoned that a benthic, gastraea-like ancestor with a
mucociliary sole populated the Proterozoic sea floor, the
stage is set for the evolution of the first nervous system. We
will elaborate here that the first neurons emerged in this ances-
tor in the context of an ectodermal nerve net (figures 4f and 5).
The initial function of this nerve net might have been the con-
trol of amoeboid locomotion of the gastraea, grazing on
algal mats (resembling the movement of an amoeba, but at
multicellular scale).
Nerve net-like arrangements of neurons cover the almost
entire ectoderm in cnidarians and ctenophores [61,129,130–
136]. In ctenophores, the ectodermal nerve net is a polygonalmesh of neurite bundles; another nerve net spans the meso-
glea between the ectoderm and the endomesoderm [129]. In
the cerianthids, a basal cnidarian lineage, the nerve net
appears to be of purely ectodermal nature [128], which
suggests that the evolution of inner layer neurons occurred
independently in ctenophore, cnidarian and bilaterian
lineages [136]. As sponges and placozoans do not form a
nerve net, the most parsimonious assumption appears to be
that a nerve net existed in the last common ancestor of cnidar-
ians, ctenophores and bilaterians (a grouping referred to as
Neuralia by Nielsen [8]); yet, in light of the current uncertain-
ties about the placement of the ctenophores [137], the
existence of the ‘Neuralia’ at the exclusion of sponges and
placozoans remains unsettled: cf. figure 1a).
(a) The neuromuscular orthogon
The presence of a well-developed nerve net correlates with the
presence of basiepithelial muscle fibres directly innervated
by nerve net neurons, in cnidarians and in ctenophores
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11[61,67,128,132,133,135,136,138–142]. Therefore, the evolution-
ary origin of the nerve net appears to be closely linked to that
of the musculature [44]. As a rule, the ectodermal muscle
fibres associated with the nerve are oriented longitudinally,
that is in parallel to the primary body axis (while the inner
layer forms circular fibres [61,62]). This matches the situation
in the basal cnidarian cerianthids [61], as well as the medu-
sozoan ground pattern [62], and longitudinal muscle fibres
are the first to develop underneath the epidermis in the cteno-
phore Mnemiopsis [143], followed later by circular fibres [129].
It is thus plausible that the benthic gastraea evolved longi-
tudinal muscle fibres innervated by an ectodermal nerve
net, by division of labour as illustrated in figures 4f and 5a,b.
The perpendicular arrangement of myofibres innervated
by an ectodermal nerve net is referred to as ‘neuromuscular
orthogon’ ([44]; figure 5c). Importantly, neuromuscular ortho-
gon and mucociliary sole appear to have overlapped,
because longitudinal muscles reach the gastric opening (at
least in cnidarians).
Such an ectodermal nerve net essentially controlled body
wall contractions, possibly mediating local to more wide-
spread ‘avoidance’ responses to mechanical stimuli [141].
Most probably, the nerve net first thus coordinated some
very primitive form of amoeboid locomotion, which required
alternating and antagonistic contraction of perpendicular
myofibres, in order to elongate the body towards the desired
direction and/or to change body shape in reaction to mech-
anical stimuli that were met on the locomotor trajectory. In
essence, we hypothesize that such locomotion required
more sensory integration and coordination with increasing
body size (and that the increase in body size in turn resulted
from the invention of the mucociliary sole with external
digestion). It will be interesting to work out how an animal
of this organizational grade may relate to beginnings of the
ctenophore line of evolution [144], and whether placozoans
pre- or postdated the invention of the nerve net (that is,
whether they are ancestrally simple or secondarily miniatur-
ized [3], having potentially lost or modified their gastric
cavity, neurons and myocytes [137]).(b) Cell types of the nerve net
What were the cell types that constituted the first nerve net?
Core units of the basal metazoan nerve nets appear to be local
two- to three-cell sensory-effector reflex arcs [138] that
directly innervate the effector cells (myoepithelial cells or cni-
docytes in cnidarians [138], muscle cells and ciliated cells in
ctenophores [129]). These arcs are interconnected at the
level of the sensory neurons or ganglion cells, so that the
whole epithelium functions as a single tissue-type reflex arc
[145] that triggers contraction of myoepithelial cells (and/or
local discharge of cnidocytes in cnidarians). Chemo- and
photosensation as well as neuropeptide and indolamine
release may have modulated nerve net activity.
The cellular composition of the nerve net has been
studied by light- and electron microscopy as well as immuno-
cytochemistry in numerous anthozoans [61,128,132,146,147],
hydrozoans [142,148,149] and ctenophores [129,134,150] and
proved rather homogenous and similar, which allows ances-
tral state reconstruction. Mechanosensory ‘ciliary-cone cells’
(figure 5e) occupy the ectodermal surface of cerianthids and
sea anemone [56] (and similar cells exist in the nerve net of
hydrozoan polyps [149,151,152] and ctenophores [150]). Anapical collar of microvilli surrounds a single cilium [49,153],
identifying these cells as ectochoanocyte descendants (see
above). Many of the sensory cells form synapses [56,138], thus
representing true sensory neurons. In addition, two types of
ganglion cells are commonly observed, in cerianthids [128],
sea anemone [132], hydrozoans [148] and ctenophores
[129,134]. The small multipolar neurons (figure 5d) make up a
large part of the nerve net in sea anemone, projecting few,
thin neurites in different directions [130]. In cerianthids, these
are the only neurons to directly receive sensory innervation, to
connect to each other, and to directly innervate, via multiple
collaterals, the underlying myofibres [128]; they can thus be
regarded as the core of the ancestral nerve net [130]. By contrast,
the large bipolar cells (figure 5f) send out neurites that aremuch
thicker, less frequent and follow the muscle fibres [130]; they
represent second order interneurons transmitting nervous exci-
tation over longer distances, mediating for examplewhole body
retractions [128,130]. The information flow in a prototype nerve
net is exemplified for cerianthids in figure 5g.
(c) The birth of first neurons by division of labour
The prevalence of mechanosensory neurons with actin collar
and cilium, multipolar ganglion cells and myoepithelial cells
in extant nerve nets supports the idea that the first neurons
arose by division of labour from mechanosensory-contractile
ectochoanocytes, as hypothesized in the diversification
scheme in figure 4f. Similar ideas have been put forward repeat-
edly [5,66,67] and imply that the first synapse arose from the
aggregation of vesicle-related intercellular signalling modules,
including synaptotagmin, SNARE-complex components and
postsynaptic receptor complexes, as extensively reviewed else-
where [15,32,34,46,60]. This aggregation process might have
occurred around adherens junctions, as suggested by the
shared presence of both N- and E-cadherin in adherens and
synaptic junctions [154]. In line with a division of labour scen-
ario, cnidarian sensory neurons and ganglion cells are related
to the extent that they cannot be clearly separated into two dis-
tinct cell types [139]. To test these hypotheses further, the
molecular profiling of cell types constituting the nerve net in
cnidarians and ctenophores will be especially rewarding—
and also solve the yet unsettled question of nervous system
homology between ctenophores and other neuralians [155].
(d) Glutamate and GABA
In line with the postulated origin of nerve net neurons from
ectochoanocytes, nerve net synaptic transmission appears to
be largely glutamatergic, as recently postulated for cteno-
phores [156] and as indicated by many lines of circumstantial
evidence in cnidarians. In sea anemone, NMDAR 1 immunor-
eactivity localizes to both nerve and epitheliomuscular cells
[157] and glutamate immunoreactivity has been detected in
distinct cells of the ectodermal layer and in the nerve plexus,
butwas absent frommesoglea and endoderm. Immunoreactiv-
ity of the nerve plexus forms a continuous ring on top of the
epitheliomuscular cell layer in tentacle cross-sections [158].
Electron optics reveal the presence of glutamate in individual
neurites within the nerve plexus, and in large dense-core
vesicles within putative neural processes (but evidence for
glutamate in synapses is yet lacking [158]). Glutamate exerts
inhibitory activity on circular muscle contraction of the
sea anemone Actinia equina [159], indicating that glutamate
exhibits opposite effects on ectodermal and gastrodermal
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Figure 6. The evolution of gastric pouches. (a) Hypothetical modified gastraea with an anterior and a posterior pouch, separated by the primary mesenteries. Establish-
ment of bilateral symmetry. Schematic lateral views (upper panels) and ventral views (lower panels). (b) Duplicated pouches leading to two bilateral sets of gastric
pouches separated by mesenteries. Schematic lateral views (upper panels) and ventral views (lower panels). (c) Gbx expression in the gastric pouches of the Nematostella
late planula (left) and in the amphioxus embryo (right). Midlle panels show gbx expression in a general cnidarian versus bilaterian (with slit-like blastopore). (d ) The
metameric gastric diverticula of Dickinsonia, adapted with permission from [161]. Stippled circle indicates inferred zone where additional diverticula have been added.
(e) The metameric gastric pouches of Cerianthus, adapted from [162]. Stippled circle indicates growth zone where additional mesenteries develop.
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12musculature. Adding to this, numerous studies report para-
crine release of structurally related, amidated neuropeptides
of the RFamide and other families from cnidarian nerve net
neurons [136,139,157,160].
A smaller subset of cnidarian nerve net neurons has been
reported GABA immunopositive [146]. In sea anemone [158],
GABA and GAD immunoreactivity is prominent in the outer
and inner sublayers of ectoderm and endoderm, but not in the
nerve plexus. In the basal ectoderm, the epithelio-muscular
layer displayed an intense label, but the nerve plexus remained
scarcely stained. In the outer ectoderm, GABA labelled some
types of sensory neurons [158]. Just like cnidarians, ctenophores
use glutamate in nerve net signalling, while GABA has beendetected in muscle cells [15,156]. These data suggest that gluta-
mate was the first excitatory transmitter in nerve net neurons,
and that GABA acted as an inhibitory signal, possibly released
in a refractorymannerby the innervatedmuscle cells themselves.6. Evolution of the Metamera: the invention of
gastric pouches
It is reasoned here that one decisive step in the evolution of
animals was the formation of a paired fold in the inner lining
of the gastraea, the so-called primary mesentery (figure 6a).
This mesentery then duplicated into two metameric, bilateral
cnidarian-bilaterian
ancestor
(a) (b) (c)
urbilaterian
Figure 7. The evolution of the bilaterian nervous system. (a) Neuralian ancestor. A nerve net covers the gastrula-shaped animal. Nerve net neurons situated around
the digestive opening (red) control feeding. White arrows indicate direction of water flow. (b) Cnidarian–bilaterian ancestor. Specialized parts of the nerve net are
centred on the slit-like digestive opening: the nerve of the digestive sole (red) and the sensory-integrative centre (yellow), controlling contraction of a bilaterial series
of contractile gastric pouches. White arrows indicate direction of water flow. (c) Urbilaterian. Motor centre of the ventral nerve cord (red) and sensory-integrative
centre (yellow). White arrows indicate direction of water flow.
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13series, which enclosed gastric pouches in each half of the body
(figure 6b). This matches the ground pattern in cnidarians
assumed to be ancestral [106]. The obvious advantage of this
innovationwas the extension of the internal surface, i.e. the sur-
face of the resorptive epithelium, and would have intensified
body physiology and probably allowed the maintenance and
movement of larger body forms [163] (as were present in the
Ediacaran, see below). It has long been suggested that the
invention of gastric pouches predated the CBA [164]; this
notion can now be revived based on molecular evidence [44].
Beyond that, a plethora of molecular data from sea anemone
suggest that bilateral symmetry indeed evolved prior to the
cnidarian–bilaterian divergence [165].(a) Optimizing water flow
In anthozoan cnidarians, the first manifestation of bilateral
symmetry is the formation of a slit-like oral opening, with
ciliated grooves on either side that establish water flow
[166]. Within the gastric cavity, the mesenteries channel circu-
lation into the pouches. In scyphozoan medusae, such as the
moon jellyfish Aurelia, the gastric circulation is likewise chan-
neled by the mesenteries (called gastric septa in medusa) into
equal streams that pass through the gastric pouches [165].
In contrast with anthozoan cnidarians, the gastric opening
of the CBA was most probably facing the substrate, grazing
the algal mats with a mucociliary sole (see above). If so, some
additional advantages of the newly acquired bilateral sym-
metry were obvious. Plausibly, body movement changed
from multidirectional to unidirectional towards the new
anterior end. This would have allowed more targeted food
search and avoided passing through areas that had already
been grazed (cf. figure 4a). Also, a slit-like blastopore would
have allowed defecation of the digested and nutrient-deprived
mucus with larger non-digestible particles at the new rear end.
This is a very straightforward way to evolve the first forward
movement: to leave the mucus behind. Apart from that, we
can assume that the overall establishment of internal currents
passing through the surface-extended pouches might have
closely resembled that of some extant cnidarians.(b) The keystone: homology of gastric pouches and
coelomic pouches
Key to our hypothesis is the presumed homology of cnidarian
gastric pouches with the bilaterian coelomic cavities [164]. As
outlined elsewhere in more detail [44], newmolecular evidence
lends strong support to this scenario. Most striking is the
spatially restricted expression of gbx genes in all but the first
pair of pouches, as similarly observed in sea anemone and
amphioxus (figure 6c). Remarkably, these first pouches give
rise to a reduced set of musculature in both sea anemone
[106] and amphioxus [167]. Moreover, cnidarian gastric
pouches and bilaterian somites share the staggered and colli-
near expression of hox genes with expression boundaries
coinciding with boundaries between pouches/somites [44];
and finally, cnidarian gastric pouches express genes that specify
somitic musculature in bilaterians, such as mox and twist [168].
(c) The Dickinsoniids
It is tempting to speculate that these bilateral pouches probably
corresponded to the ‘digestive diverticulae’ present in Ediacaran
fossils such as Dickinsonia [169] (figure 6d). These diverticulae
have been compared with cnidarian pouches repeatedly
[169,170] (figure 6e), whichwould imply thatmodern cnidarians
resemble ‘a grade of Late Precambrian organization fromwhich
bilaterians evolved’ [171]. Among the many interpretations that
Ediacaran fossils have been subjected to (e.g. [4,172] for an over-
view), the comparative approach conducted here may thus help
to finally select the most plausible variant and place this fossils
right in the centre of metazoan evolution and the bilaterian
stem [172]. Strikingly, the Dickinsoniids continuously add
new mesenteries and diverticules at their ‘posterior’ end [172];
and in a strikingly similar manner additional mesenteries
are added in extant cnidarians such as cerianthids or other
anthozoans (stippled circles in figure 6d,e).7. Towards the Bilateria
The last important step in the evolutionary scenario devel-
oped here is the median closure of the gastric opening,
leaving mouth and anus at opposite ends (figure 7). This
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14step is often recapitulated in bilaterian development, in that
both mouth and anal tissue develop from blastoporal tissue
(amphistomy) [173] (for alternative views on the inter-
relationships between gastric opening, mouth and anus, see
[44,174]). This closure of the gastric opening along the new
ventral midline would have firmly joined together the two
bilateral halves of the mucociliary sole. During this transition,
specialized subregions of the former nerve net would have
given rise to the bilaterian nerve cord. In figure 7, red and
yellow demarcate longitudinal subdivisions of nerve cord
tissue that derive from different parts of the nerve net: The
medial section corresponds to the tissue of the formermucocili-
ary sole; this tissuemostprobablyevolved into themedialmotor
column of the bilaterian nerve cord [44], and the more lateral
section into the lateral sensory-integrative columns. Conserved
expression of mediolateral patterning genes supports this
scenario, as detailed elsewhere [44]. For example, nk homeobox
genes genes (nk2.2 and nk6) specify the medial motor centre,
wherease pax paired-type homeobox genes (pax37, pax258)
and msx specify the more lateral tissue (figure 7).
(a) From digestive sole to creeping sole and Reissner’s
fibre
The proposed closure of the slit-like opening of the gastric
cavity necessarily impacted onmucociliary feeding, as trapped
particles could no longer be internalized alongside the entire
gastric slit, but only through the newmouth (and, presumably)
anus. In consequence, mucus is no longer transported towards
the new ventral midline but towards mouth and anus (white
arrows in figure 7b,c, lower panels). Given that the mucus
sticks to the substrate, the anterior-to-posterior movement of
themucus on the ventral body sidewould have pushed the ani-
mals forward. In linewith this, creeping forward bymeans of a
mucociliary sole is a prevalent mode of locomotion in many
bilaterian phyla. Strikingly, an anterior-to-posterior movement
of a mucoid thread propagated by motile cilia, the so-called
Reissner’s fibre, is observed until today in virtually all chor-
dates (vertebrates and amphioxus) [175]. Our scenario
explains the evolutionary origin of this fibre, yet cannot explain
why it is so persistent in extant vertebrates.8. Conclusion
The evolutionary scenario developed here sheds new light on
the evolution of animal nervous systems, highlighting and
postulating two major morphological transitions that
increased the efficiency of feeding and locomotion and
allowed larger body sizes. First, external digestion with the
mucociliary sole would have enabled external digestion and
thus enhanced the concentration of nutrients in the gastric
cavity. In these animals, a first net of interconnected sensory
neurons and contractile effector cells may have evolved that
sped up and steered grazing on algal mats. Second, the sub-
stantial increase of the internal nutrient-resorbing surface via
folding into gastric pouches might have boosted physiology
and, consequently, energy supply for locomotion, thus trig-
gering the regionalization and specialization of parts of the
nerve net needed for the control of more sophisticated and
targeted movements. This ultimately led to convergent cen-
tralization events in ctenophores, cnidarians and bilaterians.
Necessarily, in the absence of comparative molecular data
for most of the cell types discussed here, the postulated
sequence of cell-type diversification events underlying these
transitions remains tentative. To change this, it is the aim of
this review to open up and encourage a new phase of evo-
devo, which looks at animal evolution from a cell-type
perspective, and to combine these new data with classical
comparative anatomy, developmental biology and palaeon-
tology. It is expected that the rapid progress in the profiling
and functional characterization of cell types in different
animals will boost these efforts.
Author contributions. All authors contributed to developing ideas and to
revising the manuscript, and gave final approval for publication.
E.B.-G. andH.M. contributed original data. D.A.wrote themanuscript.
Competing interests. We declare we have no competing interests.
Funding. T.B. has received an EMBL EIPP predoctoral fellowship. H.M.
has received an EMBL Interdisciplinary Postdocs fellowship.
Acknowledgements. The authors thank Kaia Achim, Paola Bertucci,
Hernando Martı´nez-Vergara, Michael Nickel and two anonymous
referees for valuable comments and suggestions on earlier versions
of the manuscript, and the entire Arendt lab for continuous exciting
discussions.References1. Mendivil Ramos O, Barker D, Ferrier DE.
2012 Ghost loci imply Hox and ParaHox
existence in the last common ancestor of animals.
Curr. Biol. 22, 1951–1956. (doi:10.1016/j.cub.2012.
08.023)
2. Fortunato SA, Adamski M, Ramos OM, Leininger S,
Liu J, Ferrier DE, Adamska M. 2014 Calcisponges
have a ParaHox gene and dynamic expression of
dispersed NK homeobox genes. Nature 514,
620–623. (doi:10.1038/nature13881)
3. Sperling EA, Vinther J. 2010 A placozoan affinity for
Dickinsonia and the evolution of Late Proterozoic
metazoan feeding modes. Evol. Dev. 12, 201–209.
(doi:10.1111/j.1525-142X.2010.00404.x)
4. Achim K, Arendt D. 2014 Structural evolution of cell
types by step-wise assembly of cellular modules.
Curr. Opin. Neurobiol. 27C, 102–108. (doi:10.1016/
j.gde.2014.05.001)5. Arendt D. 2008 The evolution of cell types in
animals: emerging principles from molecular
studies. Nature reviews. Genetics 9, 868–882.
(doi:10.1038/nrg2416)
6. Liang C, Consortium F, Forrest AR, Wagner GP. 2015
The statistical geometry of transcriptome divergence
in cell-type evolution and cancer. Nat. Commun. 6,
6066. (doi:10.1038/ncomms7066)
7. Achim K, Pettit JB, Saraiva LR, Gavriouchkina D,
Larsson T, Arendt D, Marioni JC. 2015 High-
throughput spatial mapping of single-cell RNA-seq
data to tissue of origin. Nat. Biotechnol. 33,
503–509. (doi:10.1038/nbt.3209)
8. Nielsen C. 2008 Six major steps in animal evolution:
are we derived sponge larvae? Evol. Dev. 10,
241–257. (doi:10.1111/j.1525-142X.2008.00231.x)
9. Haeckel E. 1874 Die Gastraea-Theorie, die
phylogenetische Classification des Thierreichesund die Homologie der Keimbla¨tter. Jena
Z. Naturwiss. 8, 1–55.
10. Maldonado M. 2004 Choanoflagellates, choanocytes,
and animal multicellularity. Invertebr. Biol. 123,
1–22. (doi:10.1111/j.1744-7410.2004.tb00138.x)
11. Mah JL, Christensen-Dalsgaard KK, Leys SP. 2014
Choanoflagellate and choanocyte collar-flagellar
systems and the assumption of homology. Evol.
Dev. 16, 25–37. (doi:10.1111/ede.12060)
12. Dayel MJ, Alegado RA, Fairclough SR, Levin TC,
Nichols SA, McDonald K, King N. 2011 Cell
differentiation and morphogenesis in the colony-
forming choanoflagellate Salpingoeca rosetta.
Dev. Biol. 357, 73–82. (doi:10.1016/j.ydbio.2011.
06.003)
13. Sebe´-Pedro´s A, Irimia M, Del Campo J, Parra-Acero
H, Russ C, Nusbaum C, Blencowe BJ, Ruiz-Trillo I.
2013 Regulated aggregative multicellularity in a
rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B
370:20150286
15close unicellular relative of Metazoa. Elife 24,
2:e01287. (doi:10.7554/eLife.01287)
14. Leys SP, Riesgo A. 2012 Epithelia, an evolutionary
novelty of metazoans. J. Exp. Zool. B Mol. Dev. Evol.
318, 438–447. (doi:10.1002/jez.b.21442)
15. Leys SP. 2015 Elements of a ‘nervous system’ in
sponges. J. Exp. Biol. 218, 581–591. (doi:10.1242/
jeb.110817)
16. Hibberd DJ. 1975 Observations on the ultrastructure
of the choanoflagellate Codosiga botrytis (Ehr.)
Saville-Kent with special reference to the flagellar
apparatus. J. Cell Sci. 17, 191–219.
17. Leadbeater BSC. 1983 Distribution and chemistry of
microfilaments in choanoflagellates, with special
reference to the collar and other tentacle systems.
Protistologia 10, 157–166.
18. Renard E, Vacelet J, Gazave E, Lapebie P, Borchiellini
C, Ereskovsky AV. 2009 Origin of the neuro-sensory
system: new and expected insights from sponges.
Integr. Zool. 4, 294–308. (doi:10.1111/j.1749-4877.
2009.00167.x)
19. Weissenfels N. 1992 The filtration apparatus for food
collection in freshwater sponges (Porifera,
Spongillidae). Zoomorphology 112, 51–55. (doi:10.
1007/BF01632994)
20. Leys SP, Hill A. 2012 The physiology and molecular
biology of sponge tissues. Adv. Mar. Biol. 62,
1–56. (doi:10.1016/B978-0-12-394283-8.00001-1)
21. Leys SP, Eerkes-Medrano DI. 2006 Feeding in
a calcareous sponge: particle uptake by
pseudopodia. Biol. Bull. 211, 157–171. (doi:10.
2307/4134590)
22. Salathe M. 2007 Regulation of mammalian ciliary
beating. Annu. Rev. Physiol. 69, 401–422. (doi:10.
1146/annurev.physiol.69.040705.141253)
23. Johnson JLF, Leroux MR. 2010 cAMP and cGMP
signaling: sensory systems with prokaryotic roots
adopted by eukaryotic cilia. Trends Cell Biol. 20,
435–444. (doi:10.1016/j.tcb.2010.05.005)
24. Cai X, Clapham DE. 2012 Ancestral Ca2þ signaling
machinery in early animal and fungal evolution.
Mol. Biol. Evol. 29, 91–100. (doi:10.1093/molbev/
msr149)
25. Fujiu K, Nakayama Y, Iida H, Sokabe M, Yoshimura
K. 2011 Mechanoreception in motile flagella of
Chlamydomonas. Nat. Cell Biol. 13, 630–632.
(doi:10.1038/ncb2214)
26. Andrade YN, Fernandes J, Vazquez E, Fernandez-
Fernandez JM, Arniges M, Sanchez TM, Villalon M,
Valverde MA. 2005 TRPV4 channel is involved in the
coupling of fluid viscosity changes to epithelial
ciliary activity. J. Cell Biol. 168, 869–874. (doi:10.
1083/jcb.200409070)
27. Qin H, Burnette DT, Bae YK, Forscher P, Barr MM,
Rosenbaum JL. 2005 Intraflagellar transport is
required for the vectorial movement of TRPV
channels in the ciliary membrane. Curr. Biol. 15,
1695–1699. (doi:10.1016/j.cub.2005.08.047)
28. Liebeskind BJ, Hillis DM, Zakon HH. 2011
Evolution of sodium channels predates the origin
of nervous systems in animals. Proc. Natl Acad.
Sci. USA 108, 9154–9159. (doi:10.1073/pnas.
1106363108)29. Zakon HH. 2012 Adaptive evolution of voltage-
gated sodium channels: the first 800 million years.
Proc. Natl Acad. Sci. USA 109(Suppl. 1), 10 619–
10 625. (doi:10.1073/pnas.1201884109)
30. Yu FH, Catterall WA. 2004 The VGL-chanome: a
protein superfamily specialized for electrical
signaling and ionic homeostasis. Sci. STKE 2004,
re15.
31. Aiello E. 1974 Control of ciliary activity in Metazoa.
In Cilia and flagella (ed. MA Sleigh), pp. 353–376.
London, UK: Academic Press.
32. Burkhardt P. 2015 The origin and evolution of
synaptic proteins—choanoflagellates lead the way.
J. Exp. Biol. 218, 506–514. (doi:10.1242/jeb.
110247)
33. Alie A, Manuel M. 2010 The backbone of the post-
synaptic density originated in a unicellular ancestor
of choanoflagellates and metazoans. BMC Evol. Biol.
10, 34. (doi:10.1186/1471-2148-10-34)
34. Ryan TJ, Grant SG. 2009 The origin and evolution of
synapses. Nat. Rev. Neurosci. 10, 701–712. (doi:10.
1038/nrn2717)
35. Krishnan A, Schioth HB. 2015 The role of G protein-
coupled receptors in the early evolution of
neurotransmission and the nervous system. J. Exp.
Biol. 218, 562–571. (doi:10.1242/jeb.110312)
36. Steinmetz PR et al. 2012 Independent evolution
of striated muscles in cnidarians and bilaterians.
Nature 487, 231–234. (doi:10.1038/nature11180)
37. Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz
AR. 2009 Non-muscle myosin II takes centre stage
in cell adhesion and migration. Nat. Rev. Mol. Cell
Biol. 10, 778–790. (doi:10.1038/nrm2786)
38. Liu YJ, Le Berre M, Lautenschlaeger F, Maiuri P,
Callan-Jones A, Heuze M, Takaki T, Voituriez R,
Piel M. 2015 Confinement and low adhesion
induce fast amoeboid migration of slow
mesenchymal cells. Cell 160, 659–672. (doi:10.
1016/j.cell.2015.01.007)
39. Sebe-Pedros A, Burkhardt P, Sanchez-Pons N,
Fairclough SR, Lang BF, King N, Ruiz-Trillo I. 2013
Insights into the origin of metazoan filopodia and
microvilli. Mol. Biol. Evol. 30, 2013–2023. (doi:10.
1093/molbev/mst110)
40. Jekely G. 2014 Origin and evolution of the self-
organizing cytoskeleton in the network of
eukaryotic organelles. Cold Spring Harb. Perspect.
Biol. 6, a016030. (doi:10.1101/cshperspect.a016030)
41. Leys SP, Eerkes-Medrano D. 2005 Gastrulation in
calcareous sponges: in search of Haeckel’s gastraea.
Integr. Comp. Biol. 45, 342–351. (doi:10.1093/icb/
45.2.342)
42. Leininger S et al. 2014 Developmental gene
expression provides clues to relationships between
sponge and eumetazoan body plans. Nat. Commun.
5, 3905. (doi:10.1038/ncomms4905)
43. Arendt D. 2004 Comparative aspects of gastrulation.
In Gastrulation (ed. C Stern). New York, NY: Cold
Spring Harbor Laboratory Press.
44. Arendt D, Tosches MA, Marlow H. In press. From
nerve net to nerve ring, nerve cord and brain—
evolution of animal nervous systems. Nat. Rev.
Neurosci.45. Takashima S, Gold D, Hartenstein V. 2012 Stem cells
and lineages of the intestine: a developmental and
evolutionary perspective. Dev. Genes Evol. 223,
85–102. (doi:10.1007/s00427-012-0422-8)
46. Jacobs DK, Nakanishi N, Yuan D, Camara A, Nichols
SA, Hartenstein V. 2007 Evolution of sensory
structures in basal metazoa. Integr. Comp. Biol. 47,
712–723. (doi:10.1093/icb/icm094)
47. Kummel G, Brandenburg J. 1961 Die
Reusengeisselzellen (Cyrtocyten). Z. Naturforsch.
16b, 692–697.
48. Norrevang A, Wingstrand KG. 1970 On the
occurrence and structure of choanocyte-like cells
in some echinoderms. Acta Zool. 51, 249–270.
(doi:10.1111/j.1463-6395.1970.tb00436.x)
49. Lyons KM. 1973 Collar cells in planula and adult
tentacle ectoderm of the solitary coral Balanophyllia
regia (Anthozoa: Eupsammidae). Z. Zellforsch. 145,
57–74. (doi:10.1007/BF00307189)
50. Fritzsch B, Beisel KW, Pauley S, Soukup G. 2007
Molecular evolution of the vertebrate
mechanosensory cell and ear. Int. J. Dev. Biol. 51,
663–678. (doi:10.1387/ijdb.072367bf )
51. Gazave E, Lapebie P, Renard E, Bezac C, Boury-
Esnault N, Vacelet J, Perez T, Manuel M, Borchiellini
C. 2008 NK homeobox genes with choanocyte-
specific expression in homoscleromorph sponges.
Dev. Genes Evol. 218, 479–489. (doi:10.1007/
s00427-008-0242-z)
52. Knapp MF, Mill PJ. 1971 The fine structure
of ciliated sensory cells in the epidermis
of the earthworm Lumbricus terrestris. Tissue
Cell 3, 623–636. (doi:10.1016/S0040-8166(71)
80009-5)
53. Bedini C, Ferrero E, Lanfranchi A. 1973 The
ultrastructure of ciliary sensory cells in two
turbellaria acoela. Tissue Cell 5, 359–372. (doi:10.
1016/S0040-8166(73)80030-8)
54. Peteya DJ. 1973 A possible proprioceptor in
Ceriantheopsis americanus (Cnidaria, Ceriantharia).
Z. Zellforsch. Mikrosk. Anat. 144, 1–10. (doi:10.
1007/BF00306682)
55. Tardent P, Schmid V. 1972 Ultrastructure of
mechanoreceptors of the polyp Coryne pinteri
(Hydrozoa, Athecata). Exp. Cell Res. 62, 265–275.
(doi:10.1016/0014-4827(72)90589-7)
56. Peteya DJ. 1975 The ciliary-cone sensory cell of
anemones and cerianthids. Tissue Cell 7, 243–252.
(doi:10.1016/0040-8166(75)90003-8)
57. Jarman AP, Groves AK. 2013 The role of Atonal
transcription factors in the development of
mechanosensitive cells. Semin. Cell Dev. Biol. 24,
438–447. (doi:10.1016/j.semcdb.2013.03.010)
58. Ru¨sch A, Thurm U. 1990 Spontaneous and
electrically induced movements of ampullary
kinocilia and stereovilli. Hear. Res. 48, 247–264.
(doi:10.1016/0378-5955(90)90065-W)
59. Liedtke W, Tobin DM, Bargmann CI, Friedman JM.
2003 Mammalian TRPV4 (VR-OAC) directs behavioral
responses to osmotic and mechanical stimuli in
Caenorhabditis elegans. Proc. Natl Acad. Sci. USA
100(Suppl. 2), 14 531–14 536. (doi:10.1073/pnas.
2235619100)
rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B
370:20150286
1660. Nickel M. 2010 Evolutionary emergence of
synaptic nervous systems: what can we learn from
the non-synaptic, nerveless Porifera? Invertebrate
Biol. 129, 1–16. (doi:10.1111/j.1744-7410.2010.
00193.x)
61. Hertwig O, Hertwig R. 1879 Die Actinien. In Studien
zur Bla¨ttertheorie. Jena, Germany: Gustav Fischer.
62. Hyman LH. 1940 The invertebrates: protozoa through
Ctenophora. New York, NY: McGraw-Hill Book
Company.
63. Dayraud C, Alie A, Jager M, Chang P, Le Guyader H,
Manuel M, Queinnec E. 2012 Independent
specialisation of myosin II paralogues in muscle vs.
non-muscle functions during early animal evolution:
a ctenophore perspective. BMC Evol. Biol. 12, 107.
(doi:10.1186/1471-2148-12-107)
64. Elliott GR, Leys SP. 2010 Evidence for glutamate,
GABA and NO in coordinating behaviour in the
sponge, Ephydatia muelleri (Demospongiae,
Spongillidae). J. Exp. Biol. 213, 2310–2321.
(doi:10.1242/jeb.039859)
65. Ellwanger K, Eich A, Nickel M. 2007 GABA and
glutamate specifically induce contractions in the
sponge Tethya wilhelma. J. Comp. Physiol. A
Neuroethol Sens Neural Behav Physiol 193, 1–11.
(doi:10.1007/s00359-006-0165-y)
66. Kleinenberg N. 1872 Hydra. Eine anatomisch-
entwicklungsgeschichtliche Untersuchung. Leipzig,
Germany: Verlag von Wilhelm Engelmann.
67. Mackie GO. 1970 Neuroid conduction and the
evolution of conducting tissues. Q. Rev. Biol. 45,
319–332. (doi:10.1086/406645)
68. Sebbagh M, Borg JP. 2014 Insight into planar cell
polarity. Exp. Cell Res. 328, 284–295. (doi:10.1016/
j.yexcr.2014.09.005)
69. Riisgard HU, Nielsen C, Larsen PS. 2000 Downstream
collecting in ciliary suspension feeders: the catch-up
principle. Mar. Ecol. Prog. Ser. 207, 33–51. (doi:10.
3354/meps207033)
70. Linck RW. 1973 Chemical and structural differences
between cilia and flagella from the lamellibranch
mollusc, Aequipecten irradians. J. Cell Sci. 12,
951–981.
71. Leys SP, Degnan BM. 2001 Cytological basis of
photoresponsive behavior in a sponge larva. Biol.
Bull. 201, 323–338. (doi:10.2307/1543611)
72. Vij S et al. 2012 Evolutionarily ancient association of
the FoxJ1 transcription factor with the motile
ciliogenic program. PLoS Genet. 8, e1003019.
(doi:10.1371/journal.pgen.1003019)
73. Dubruille R, Laurencon A, Vandaele C, Shishido E,
Coulon-Bublex M, Swoboda P, Couble P, Kernan M,
Durand B. 2002 Drosophila regulatory factor X is
necessary for ciliated sensory neuron differentiation.
Development 129, 5487–5498. (doi:10.1242/
dev.00148)
74. Chu JS, Baillie DL, Chen N. 2010 Convergent
evolution of RFX transcription factors and ciliary
genes predated the origin of metazoans. BMC Evol.
Biol. 10, 130. (doi:10.1186/1471-2148-10-130)
75. Piasecki BP, Burghoorn J, Swoboda P. 2010
Regulatory Factor(RFX)-mediated transcriptional
rewiring of ciliary genes in animals. Proc. Natl Acad.Sci. USA 107, 12 969–12 974. (doi:10.1073/pnas.
0914241107)
76. Choksi SP, Lauter G, Swoboda P, Roy S. 2014
Switching on cilia: transcriptional networks
regulating ciliogenesis. Development 141,
1427–1441. (doi:10.1242/dev.074666)
77. Ludeman DA, Farrar N, Riesgo A, Paps J, Leys SP.
2014 Evolutionary origins of sensation in
metazoans: functional evidence for a new sensory
organ in sponges. BMC Evol. Biol. 14, 3. (doi:10.
1186/1471-2148-14-3)
78. Singla V, Reiter JF. 2006 The primary cilium as the cell’s
antenna: signaling at a sensory organelle. Science 313,
629–633. (doi:10.1126/science.1124534)
79. Sebe-Pedros A, de Mendoza A, Lang BF, Degnan
BM, Ruiz-Trillo I. 2011 Unexpected repertoire of
metazoan transcription factors in the
unicellular holozoan Capsaspora owczarzaki. Mol.
Biol. Evol. 28, 1241–1254. (doi:10.1093/molbev/
msq309)
80. Simionato E, Ledent V, Richards G, Thomas-Chollier
M, Kerner P, Coornaert D, Degnan BM, Vervoort M.
2007 Origin and diversification of the basic helix-
loop-helix gene family in metazoans: insights from
comparative genomics. BMC Evol. Biol. 7, 33.
(doi:10.1186/1471-2148-7-33)
81. Baker CVH, O’Neill P, McCole RB. 2007 Lateral line,
otoc and epibranchial placodes: developmental and
evolutionary links? J. Exp. Zool. 308B, 1–14.
(doi:10.1002/jez.b.21130)
82. Jahan I, Pan N, Kersigo J, Fritzsch B. 2013 Beyond
generalized hair cells: molecular cues for hair cell
types. Hear Res. 297, 30–41. (doi:10.1016/j.heares.
2012.11.008)
83. Maricich SM, Wellnitz SA, Nelson AM, Lesniak DR,
Gerling GJ, Lumpkin EA, Zoghbi HY. 2009 Merkel
cells are essential for light-touch responses. Science
324, 1580–1582. (doi:10.1126/science.1172890)
84. Morrison KM, Miesegaes GR, Lumpkin EA, Maricich
SM. 2009 Mammalian Merkel cells are descended
from the epidermal lineage. Dev. Biol. 336, 76–83.
(doi:10.1016/j.ydbio.2009.09.032)
85. Jarman AP, Grell EH, Ackerman L, Jan LY, Jan YN.
1994 atonal is the proneural gene for Drosophila
photoreceptors. Nature 369, 398–400. (doi:10.
1038/369398a0)
86. Seipel K, Yanze N, Schmid V. 2004 Developmental
and evolutionary aspects of the basic helix-loop-
helix transcription factors Atonal-like 1 and Achaete-
scute homolog 2 in the jellyfish. Dev. Biol. 269,
331–345. (doi:10.1016/j.ydbio.2004.01.035)
87. Hardie RC, Franze K. 2012 Photomechanical
responses in Drosophila photoreceptors. Science
338, 260–263. (doi:10.1126/science.1222376)
88. Wang VY, Hassan BA, Bellen HJ, Zoghbi HY. 2002
Drosophila atonal fully rescues the phenotype of
Math1 null mice: new functions evolve in new
cellular contexts. Curr. Biol. 12, 1611–1616.
(doi:10.1016/S0960-9822(02)01144-2)
89. Ben-Arie N, Hassan BA, Bermingham NA, Malicki
DM, Armstrong D, Matzuk M, Bellen HJ, Zoghbi HY.
2000 Functional conservation of atonal and Math1
in the CNS and PNS. Development 127, 1039–1048.90. Cachero S, Simpson TI, Zur Lage PI, Ma L, Newton
FG, Holohan EE, Armstrong JD, Jarman AP. 2011 The
gene regulatory cascade linking proneural
specification with differentiation in Drosophila
sensory neurons. PLoS Biol. 9, e1000568. (doi:10.
1371/journal.pbio.1000568)
91. Newton FG, zur Lage PI, Karak S, Moore DJ, Gopfert
MC, Jarman AP. 2012 Forkhead transcription factor
Fd3F cooperates with Rfx to regulate a gene
expression program for mechanosensory cilia
specialization. Dev. Cell. 22, 1221–1233. (doi:10.
1016/j.devcel.2012.05.010)
92. Grillenzoni N, de Vaux V, Meuwly J, Vuichard S,
Jarman A, Holohan E, Gendre N, Stocker RF. 2007
Role of proneural genes in the formation of the
larval olfactory organ of Drosophila. Dev. Genes Evol.
217, 209–219. (doi:10.1007/s00427-007-0135-6)
93. Ray K, Rodrigues V. 1994 The function of the
proneural genes achaete and scute in the spatio-
temporal patterning of the adult labellar bristles of
Drosophila melanogaster. Roux’s Arch. Dev. Biol.
203, 340–350. (doi:10.1007/BF00457805)
94. Kapsimali M, Kaushik AL, Gibon G, Dirian L, Ernest
S, Rosa FM. 2011 Fgf signaling controls pharyngeal
taste bud formation through miR-200 and Delta-
Notch activity. Development 138, 3473–3484.
(doi:10.1242/dev.058669)
95. Kito-Shingaki A, Seta Y, Toyono T, Kataoka S,
Kakinoki Y, Yanagawa Y, Toyoshima K. 2014
Expression of GAD67 and Dlx5 in the taste buds of
mice genetically lacking Mash1. Chem. Senses 39,
403–414. (doi:10.1093/chemse/bju010)
96. Seta Y, Stoick-Cooper CL, Toyono T, Kataoka S,
Toyoshima K, Barlow LA. 2006 The bHLH
transcription factors, Hes6 and Mash1, are expressed
in distinct subsets of cells within adult mouse taste
buds. Arch. Histol. Cytol. 69, 189–198. (doi:10.
1679/aohc.69.189)
97. Huber K, Bruhl B, Guillemot F, Olson EN, Ernsberger
U, Unsicker K. 2002 Development of chromaffin cells
depends on MASH1 function. Development 129,
4729–4738.
98. Salman S, Buttigieg J, Nurse CA. 2014 Ontogeny of
O2 and CO2//H
þ chemosensitivity in adrenal
chromaffin cells: role of innervation. J. Exp. Biol.
217, 673–681. (doi:10.1242/jeb.086165)
99. Hayakawa E, Fujisawa C, Fujisawa T. 2004
Involvement of Hydra achaete–scute gene CnASH in
the differentiation pathway of sensory neurons in
the tentacles. Dev. Genes Evol. 214, 486–492.
(doi:10.1007/s00427-004-0430-4)
100. Layden MJ, Boekhout M, Martindale MQ. 2012
Nematostella vectensis achaete-scute homolog
NvashA regulates embryonic ectodermal
neurogenesis and represents an ancient component
of the metazoan neural specification pathway.
Development 139, 1013–1022. (doi:10.1242/dev.
073221)
101. Richards GS, Simionato E, Perron M, Adamska M,
Vervoort M, Degnan BM. 2008 Sponge genes
provide new insight into the evolutionary origin of
the neurogenic circuit. Curr. Biol. 18, 1156–1161.
(doi:10.1016/j.cub.2008.06.074)
rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B
370:20150286
17102. Kumar MS, Hendrix JA, Johnson AD, Owens GK. 2003
Smooth muscle a-actin gene requires two E-boxes for
proper expression in vivo and is a target of class I basic
helix–loop–helix proteins. Circ. Res. 92, 840–847.
(doi:10.1161/01.RES.0000069031.55281.7C)
103. Smith CL, Varoqueaux F, Kittelmann M, Azzam RN,
Cooper B, Winters CA, Eitel M, Fasshauer D, Reese
TS. 2014 Novel cell types, neurosecretory cells, and
body plan of the early-diverging metazoan
Trichoplax adhaerens. Curr. Biol. 24, 1565–1572.
(doi:10.1016/j.cub.2014.05.046)
104. Ruthmann A, Behrendt G, Wahl R. 1986 The ventral
epithelium of Trichoplax adhaerens (Placozoa):
cytoskeletal structures, cell contacts and
endocytosis. Zoomorphology 106, 115–122.
(doi:10.1007/BF00312113)
105. Holley MC, Shelton GA. 1984 Reversal of the
direction of mucus-flow on the ciliated pharynx of a
sea anemone. J. Exp. Biol. 108, 151–161.
106. Springer JT, Holley D. 2013 An introduction to
zoology. Burlington, MA: Jones & Bartlett.
107. Tzetlin A, Purschke G. 2005 Pharynx and intestine.
In Hydrobiologia: morphology, molecules, evolution
and phylogeny in polychaeta and related taxa, vol.
535/536 (eds T Bartolomaeus, G Purschke), pp.
199–225. Berlin, Germany: Springer.
108. Kristensen RM, Funch P. 2000 Micrognathozoa: a
new class with complicated jaws like those of
Rotifera and Gnathostomulida. J. Morphol. 246,
1–49. (doi:10.1002/1097-4687(200010)246:1,1::
AID-JMOR1.3.0.CO;2-D)
109. Nielsen C. 2004 Trochophora larvae: cell-lineages,
ciliary bands, and body regions. 1. Annelida and
mollusca. J. Exp. Zool. 302B, 35–68. (doi:10.1002/
jez.b.20001)
110. Nielsen C, Hay-Schmidt A. 2007 Development of the
enteropneust Ptychodera flava: ciliary bands and
nervous system. J. Morphol. 268, 551–570. (doi:10.
1002/jmor.10533)
111. Lang T, Hansson GC, Samuelsson T. 2007 Gel-
forming mucins appeared early in metazoan
evolution. Proc. Natl Acad. Sci. USA 104, 16 209–
16 214. (doi:10.1073/pnas.0705984104)
112. Stubbs JL, Oishi I, Izpisua Belmonte JC, Kintner C.
2008 The forkhead protein Foxj1 specifies node-like
cilia in Xenopus and zebrafish embryos. Nat. Genet.
40, 1454–1460. (doi:10.1038/ng.267)
113. Yu X, Ng CP, Habacher H, Roy S. 2008 Foxj1
transcription factors are master regulators of
the motile ciliogenic program. Nat. Genet. 40,
1445–1453. (doi:10.1038/ng.263)
114. Larroux C et al. 2006 Developmental expression of
transcription factor genes in a demosponge: insights
into the origin of metazoan multicellularity. Evol.
Dev. 8, 150–173. (doi:10.1111/j.1525-142X.2006.
00086.x)
115. Choi VM, Harland RM, Khokha MK. 2006
Developmental expression of FoxJ1.2, FoxJ2, and
FoxQ1 in Xenopus tropicalis. Gene Exp. Patterns 6,
443–447. (doi:10.1016/j.modgep.2005.11.007)
116. Dubaissi E, Papalopulu N. 2011 Embryonic frog
epidermis: a model for the study of cell– cell
interactions in the development of mucociliarydisease. Dis. Model Mech. 4, 179–192. (doi:10.
1242/dmm.006494)
117. Dubaissi E, Rousseau K, Lea R, Soto X, Nardeosingh
S, Schweickert A, Amaya E, Thornton DJ, Papalopulu
N. 2014 A secretory cell type develops alongside
multiciliated cells, ionocytes and goblet cells, and
provides a protective, anti-infective function in the
frog embryonic mucociliary epidermis. Development
141, 1514–1525. (doi:10.1242/dev.102426)
118. Walentek P, Bogusch S, Thumberger T, Vick P,
Dubaissi E, Beyer T, Blum M, Schweickert A. 2014
A novel serotonin-secreting cell type regulates
ciliary motility in the mucociliary epidermis of
Xenopus tadpoles. Development 141, 1526–1533.
(doi:10.1242/dev.102343)
119. Hiruta J, Mazet F, Yasui K, Zhang P, Ogasawara M.
2005 Comparative expression analysis of
transcription factor genes in the endostyle of
invertebrate chordates. Dev. Dyn. 233, 1031–1037.
(doi:10.1002/dvdy.20401)
120. Adell T, Muller WE. 2004 Isolation and
characterization of five Fox (Forkhead) genes from
the sponge Suberites domuncula. Gene 334, 35–46.
(doi:10.1016/j.gene.2004.02.036)
121. Mazet F, Yu JK, Liberles DA, Holland LZ, Shimeld
SM. 2003 Phylogenetic relationships of the Fox
(Forkhead) gene family in the Bilateria. Gene 316,
79–89. (doi:10.1016/S0378-1119(03)00741-8)
122. Magie CR, Pang K, Martindale MQ. 2005 Genomic
inventory and expression of Sox and Fox genes in
the cnidarian Nematostella vectensis. Dev. Genes
Evol. 215, 618–630. (doi:10.1007/s00427-005-
0022-y)
123. Fritzenwanker JH, Saina M, Technau U. 2004
Analysis of forkhead and snail expression reveals
epithelial–mesenchymal transitions during
embryonic and larval development of Nematostella
vectensis. Dev Biol 275, 389–402. (doi:10.1016/j.
ydbio.2004.08.014)
124. Martinez DE, Dirksen ML, Bode PM, Jamrich M, Steele
RE, Bode HR. 1997 Budhead, a fork head/HNF-3
homologue, is expressed during axis formation and
head specification in hydra. Dev. Biol. 192, 523–536.
(doi:10.1006/dbio.1997.8715)
125. Arendt D, Purschke G, Hausen H. 2009 The ‘division
of labour’ model of eye evolution. Phil.
Trans. R. Soc. B 364, 2809–2817. (doi:10.1098/rstb.
2009.0104)
126. Mackie GO. 1990 The elementary nervous system
revisited. Am. Zool. 30, 907–920. (doi:10.1093/icb/
30.4.907)
127. Mackie GO, Passano LM. 1968 Epithelial conduction
in hydromedusae. J. Gen. Physiol. 52, 600–621.
(doi:10.1085/jgp.52.4.600)
128. Peteya DJ. 1973 A light and electron microscope
study of the nervous system of Ceriantheopsis
americanus (Cnidaria, Ceriantharia). Z. Zellforsch.
141, 301–317. (doi:10.1007/BF00307408)
129. Jager M, Chiori R, Alie A, Dayraud C, Queinnec E,
Manuel M. 2010 New insights on ctenophore neural
anatomy: immunofluorescence study in Pleurobrachia
pileus (Muller, 1776). J. Exp. Zool. B Mol. Dev. Evol.
316B, 171–187. (doi:10.1002/jez.b.21386)130. McFarlane ID. 1984 Nerve nets and conducting
systems in sea anemones: two pathways excite
tentacle contractions in Calliactis parasitica. J. Exp.
Biol. 108, 137–149.
131. Westfall JA. 1996 Ultrastructure of synapses in the
first-evolved nervous systems. J. Neurocyt. 25,
735–746. (doi:10.1007/BF02284838)
132. Westfall JA, Elliott CE. 2002 Ultrastructure of the
tentacle nerve plexus and putative neural pathways
in sea anemones. Invert. Biol. 121, 202–211.
(doi:10.1111/j.1744-7410.2002.tb00060.x)
133. Parker GH. 1919 The elementary nervous system.
Philadelphia, PA: Lippincott.
134. Hernandez-Nicaise M-L. 1973 Le Systeme Nerveux
des Ctenaires. I. Structure et Ultrastructure des
Reseaux Epitheliaux. Z. Zellforsch. 137, 223–250.
(doi:10.1007/BF00307432)
135. Bullock TH, Horridge GA. 1965 Structure and
function in the nervous system of invertebrates.
San Francisco, CA: Freeman and company.
136. Watanabe H, Fujisawa T, Holstein TW. 2009
Cnidarians and the evolutionary origin of the
nervous system. Dev. Growth Differ. 51, 167–183.
(doi:10.1111/j.1440-169X.2009.01103.x)
137. Marlow H, Arendt D. 2014 Evolution: ctenophore
genomes and the origin of neurons. Curr. Biol. 24,
R757–R761. (doi:10.1016/j.cub.2014.06.057)
138. Westfall JA, Elliott CF, Carlin RW. 2002
Ultrastructural evidence for two-cell and three-cell
neural pathways in the tentacle epidermis of the
sea anemone Aiptasia pallida. J. Morphol. 251,
83–92. (doi:10.1002/jmor.1075)
139. Grimmelikhuijzen CJP, Westfall JA. 1995 The
nervous systems of Cnidarians. In The nervous
systems of invertebrates: an evolutionary and
comparative approach (eds O Breidbach, W Kutsch),
pp. 7–24. Basel, Switzerland: Birkha¨user Verlag.
140. Satterlie RA. 2002 Neuronal control of swimming in
jellyfish: a comparative story. Can. J. Zool. 80,
1654–1669. (doi:10.1139/z02-132)
141. Pantin CFA. 1956 The origin of the nervous system.
Pubbl. Staz. Zool. Napoli 28, 171–181.
142. Galliot B, Quiquand M. 2011 A two-step process
in the emergence of neurogenesis. Eur. J. Neurosci.
34, 847–862. (doi:10.1111/j.1460-9568.2011.
07829.x)
143. Martindale MQ, Henry JQ. 1999 Intracellular fate
mapping in a basal metazoan, the ctenophore
Mnemiopsis leidyi, reveals the origins of mesoderm and
the existence of indeterminate cell lineages. Dev. Biol.
214, 243–257. (doi:10.1006/dbio.1999.9427)
144. Conway Morris S, Collins DH. 1996 Middle Cambrian
Ctenophores from the Stephen Formation, British
Columbia, Canada. Phil. Trans. R. Soc. B 351,
279–308. (doi:10.1098/rstb.1996.0024)
145. Satterlie RA. 2011 Do jellyfish have central nervous
systems? J. Exp. Biol. 214, 1215–1223. (doi:10.
1242/jeb.043687)
146. Marlow HQ, Srivastava M, Matus DQ, Rokhsar D,
Martindale MQ. 2009 Anatomy and development of
the nervous system of Nematostella vectensis, an
anthozoan cnidarian. Dev. Neurobiol. 69, 235–254.
(doi:10.1002/dneu.20698)
rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B
370:20150286
18147. Grimmelikhuijzen CJP. 1983 FMRFamide
immunoreactivity is generally occurring in the
nervous systems of coelenterates. Histochemistry 78,
361–381. (doi:10.1007/BF00496623)
148. Davis LE. 1974 Ultrastructural studies of
development of nerves in Hydra. Am. Zool. 14,
551–573. (doi:10.1093/icb/14.2.551)
149. Tardent P, Weber C. 1976 A qualitative and quantitative
inventory of nervous cells in Hydra attenuata pall. In
Coelenterate ecology and behavior (ed. GO Mackie), pp.
501–512. New York, NY: Springer.
150. Hernandez-Nicaise ML. 1991 Ctenophora. In
Microscopic anatomy of the invertebrates, volume
Placozoa, Porifera, Cnidaria, and Ctenophora (eds
FW Harrison, JA Westfall), pp. 359–418. New York,
NY: John Wiley.
151. Mariscal RN, Bigger CH. 1976 A comparison of
putative sensory receptors associated with
nematocysts in an anthozoan and a scyphozoan. In
Coelenterate ecology and behavior (ed. GO Mackie).
New York, NY: Springer.
152. Westfall JA, Kinnamon JC. 1978 A second sensory-
motor-interneuron with neurosecretory granules in
Hydra. J. Neurocytol. 7, 365–379. (doi:10.1007/
BF01176999)
153. Chia FS, Koss R. 1979 Fine structural studies of the
nervous system and the apical organ in the planula
larva of the sea-anemone Anthopleura
elegantissima. J. Morph. 160, 275–298. (doi:10.
1002/jmor.1051600303)
154. Shapiro L, Colman DR. 1999 The diversity of
cadherins and implications for a synaptic adhesive
code in the CNS. Neuron 23, 427–430. (doi:10.
1016/S0896-6273(00)80796-5)
155. Moroz LL. 2015 Convergent evolution of neural
systems in ctenophores. J. Exp. Biol. 218, 598–611.
(doi:10.1242/jeb.110692)156. Moroz LL et al. 2014 The ctenophore genome and
the evolutionary origins of neural systems. Nature
510, 109–114. (doi:10.1038/nature13400)
157. Kass-Simon G, Pierobon P. 2007 Cnidarian chemical
neurotransmission, an updated overview. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 146, 9–25.
(doi:10.1016/j.cbpa.2006.09.008)
158. Delgado LM, Couve E, Schmachtenberg O. 2010
GABA and glutamate immunoreactivity in tentacles
of the sea anemone Phymactis papillosa
(LESSON 1830). J. Morphol. 271, 845–852.
159. Carlyle RF. 1974 The occurrence in and actions of
amino acids on isolated supra oral sphincter
preparations of the sea anemone Actinia equina.
J. Physiol. 236, 635–652. (doi:10.1113/jphysiol.
1974.sp010457)
160. Anctil M. 2009 Chemical transmission in the sea
anemone Nematostella vectensis: a genomic
perspective. Comp. Biochem. Physiol. D Genom.
Proteom. 4, 268–289. (doi:10.1016/j.cbd.2009.07.001)
161. Dzik J. 2003 Anatomical information content in the
ediacaran fossils and their possible zoological
affinities. Integr. Comp. Biol. 43, 114–126. (doi:10.
1093/icb/43.1.114)
162. Heider ARV. 1879 Cerianthus membranaceus
Haime. Ein Beitrag zur Anatomie der Actinien.
Sitz. d. K. Akad. Wiss. Wien Math. Naturw. Kl
69, 204–254.
163. Laflamme M, Xiao S, Kowalewski M. 2009 From the
cover: osmotrophy in modular Ediacara organisms.
Proc. Natl Acad. Sci. USA 106, 14 438–14 443.
(doi:10.1073/pnas.0904836106)
164. Sedgwick A. 1884 On the origin of metameric
segmentation and some other morphological
questions. Q. J. Microsc. Sci. 24, 43–82.
165. Finnerty JR. 2005 Did internal transport, rather than
directed locomotion, favor the evolution of bilateralsymmetry in animals? Bioessays 27, 1174–1180.
(doi:10.1002/bies.20299)
166. Stephenson TA. 1935 The British sea anemones, vol.
II. London, UK: The Ray Society.
167. Lacalli TC, Kelly SJ. 1999 Somatic motoneurons in
amphioxus larvae: cell types, cell position and
innervation patterns. Acta Zool. (Stockholm) 80,
113–124. (doi:10.1046/j.1463-6395.1999.
80220004.x)
168. Martindale MQ, Pang K, Finnerty JR. 2004
Investigating the origins of triploblasty:
‘mesodermal’ gene expression in a diploblastic
animal, the sea anemone Nematostella vectensis
( phylum, Cnidaria; class, Anthozoa). Development
131, 2463–2474. (doi:10.1242/dev.01119)
169. Valentine JW. 1992 Dickinsonia as a polypoid
organism. Palaeobiology 18, 178–182.
170. Malakhov VV. 2004 New ideas on the
origin of bilateral animals. Russ. J. Mar. Biol. 30,
S22–S33. (doi:10.1007/s11179-005-0019-4)
171. Budd GE, Jensen S. 2000 A critical reappraisal of
the fossil record of the bilaterian phyla. Biol. Rev. 75,
253–295. (doi:10.1017/S000632310000 548X)
172. Fedonkin MA. 1998 Metameric features in the
Vendian metazoans. Ital. J. Zool. 65, 11–17.
(doi:10.1080/11250009809386723)
173. Arendt D, Nu¨bler-Jung K. 1997 Dorsal or ventral:
similarities in fate maps and gastrulation patterns in
annelids, arthropods and chordates. Mech. Dev. 61,
7–21. (doi:10.1016/S0925-4773(96)00620-X)
174. Martin-Duran JM, Janssen R, Wennberg S, Budd
GE, Hejnol A. 2012 Deuterostomic development in
the protostome Priapulus caudatus. Curr. Biol. 22,
2161–2166. (doi:10.1016/j.cub.2012.09.037)
175. Vigh-Teichmann I, Vigh B. 1983 The system of
cerebrospinal fluid-contacting neurons. Arch. Histol.
Jpn 46, 427–468. (doi:10.1679/aohc.46.427)
